Catheter-based renal denervation · Hypertension · Renal sympathetic nerve · Renin-angiotensin-aldosterone system · Kidney interstitial fibrosis Abstract Background/Aims: Catheter-based renal denervation (RDN) has emerged as an innovative interventional approach for reducing blood pressure (BP), suppressing ventricular substrate remodeling, and attenuating heart failure, which suggests that it might reduce kidney fibrosis in a canine model of high-fat diet-induced hypertension. This study thus sought to assess whether RDN could reduce kidney fibrosis and halt the progression of renal impairment in a canine model of high-fat diet-induced hypertension. Methods: Thirty-two beagles were randomized into either the normal control group (normal diet, n = 10) or the hypertension group (high-fat diet, n = 22). After successful establishment of the model, the hypertension model group was randomized to either the RDN group (n = 9) or the sham-surgery group (n = 8). Renal artery angiography, BP, heart rate (HR), and blood and urine biochemistry results were assessed at 1, 3, and 6 months after surgery. Canines were sacrificed at 6 months after surgery. The extent of kidney interstitial fibrosis, transforming growth factor-beta 1, alpha-smooth muscle actin, connective tissue growth factor, and E-cadherin protein were measured. Results: The group fed a high-fat diet had significantly (p ˂ 0.05) increased body weight, BP, and HR and higher levels of urine albumin, serum noradrenaline (NE), and angiotensin II (AngII) than the control group. The sham-surgery group and RDN group also had higher levels than the control group (p ˂ 0.05). Compared with the sham-surgery group, the RDN group had lower BP, urine albumin, serum NE, and AngII and less fibrotic tissue (all p ˂ 0.05). Conclusion: RDN reduced BP, slowed progression of albuminuria, and suppressed renal remodeling in a canine model of high-fat diet-induced hypertension.
Introduction
Obesity is widely recognized as a risk factor for hypertension, diabetes, and other comorbid conditions that contribute to the development of chronic kidney disease (CKD) [1, 2] . Structural changes in the kidneys occur within a few weeks after consumption of a high-fat diet [3] . Jeffery first found that dogs fed on a high-fat diet for only 7-9 weeks demonstrated significant functional, biochemical, and histologic changes in the kidney [4] . The mechanisms by which obesity caused kidney structural changes are not fully understood; however, they likely involved a combination of metabolic, inflammatory, and hemodynamic changes.
Activation of the sympathetic nervous system (SNS) and the renin-angiotensin-aldosterone system (RAAS) may contribute to hypertension. Hypertension, which along with inflammation, glomerular hyperfiltration, and metabolic derangements, may cause renal injury. Prominent pathological features of patients with kidney disease are inflammation, tubular atrophy, and renal fibrosis [5] . However, fibrosis is the typical characteristic used to determine the prognosis of the disease. Complex molecular interactions and cellular networks regulate the fibrotic process. Angiotensin II (AngII), the main peptide of the renin-angiotensin system, is well known to participate in the pathogenesis of renal diseases through the regulation of inflammation and fibrosis, which are 2 key processes [6] . After AngII activation, renal tubular epithelial cells can regulate and increase the expression of endogenous profibrogenic cytokine transforming growth factor-β1 (TGF-β1), which is a stronger fibrogenic factor [6] . Connective tissue growth factor (CTGF) is a downstream response element of AngII and TGF-β1 that is the main mediator of renal fibrosis [7] [8] [9] . TGF-β1-induced trans-differentiation of renal tubular epithelial cells can also decrease the expression of E-cadherin and increase the expression of epidermal growth factor, resulting in the production of alphasmooth muscle actin (α-SMA) [10] .
Catheter-based renal denervation (RDN) is an invasive procedure involving the percutaneous introduction of a catheter into the renal arteries. This procedure targets the sympathetic nerve fibers in the renal arteries, by applying radiofrequency energy to the kidney blood vessel wall to damage the nerve fibers (including afferent and efferent) surrounding the artery [11] [12] [13] . Increased sympathetic nerve traffic is detrimental in the setting of hypertension and progression of renal disease [14] [15] [16] . RDN has been shown to reduce blood pressure (BP) in obese patients. However, whether RDN can suppress renal remodeling and halt the progression of renal impairment is unknown. Therefore, we sought to evaluate the therapeutic effects of RDN on CKD progression and renal remodeling in a canine model of high-fat diet-induced hypertension.
Materials and Methods

Animals Preparation
Thirty-two beagles of the same species (aged 10-12 months; 16 of each sex) were purchased from the Shanghai Experimental Animal Center (Shanghai, China). They were housed in a single cage at the Xiangya Animal Center of Central South University (Changsa, China). After 1 week of adaptive feeding, they were randomly divided into the normal control group (normal diet, n = 10) or the hypertension model group (fed a high-fat diet, n = 22). They all underwent bilateral renal artery angiography so the renal artery anatomy could be examined. According to the protocol, all canines were fed adult dog food and vitamin/mineral supplements. Canines in the control group were fed on a regular diet, and those canines in the hypertension model group were fed on a high-fat diet (0.3-0.4 kg of lard was added to the regular diet of 250 g every day). After 12 weeks of the high-fat diet, 20 beagles had an approximately 50% increase in body weight. After successful establishment of the model and the application of radiofrequency for RDN, animals in the RDN and sham-surgery groups were fed a diet containing 0.1 kg of fat every day to maintain their body weight after the BP of the canines became stable. The hypertension model group was then divided into the RDN group and sham-surgery group.
Five beagles were excluded from the study for the following reasons: 2 canines in the hypertension model group did not satisfy the criteria of hypertension (increases in BP < 15 mm Hg); 2 canines died due to anesthesia complications; and one canine developed a retroperitoneal hematoma caused by femoral artery puncture. The RDN group (n = 9) underwent RDN; the sham-surgery group (n = 8) and control group (n = 10) underwent renal angiography. Renal artery angiography was performed again at 3 and 6 months after surgery. The beagles were sacrificed under deep anesthesia 6 months after surgery. This study was conducted in compliance with the guidelines of the National Institutes of Health for the care and use of laboratory animals and approved by the animal studies subcommittee of the Third Xiangya Hospital of Central South University.
RDN and Renal Artery Angiography
We have previously reported the details of the RDN and renal artery angiography performed at our center [17] . Briefly, after an overnight fast, the skin areas of the back and bilateral femoral artery areas of the canines were prepared, followed by an intramuscular injection of Zoletil ® (7 mg/kg; Virbac, Carros, France) and Sumianxin (0.1 mg/kg; Jilin Shengda Animal Drug Co., Ltd., Yanbian, Jilin, China) for anesthesia. After successful anesthetization, the canines were immobilized on the surgery table in the supine position. An ablation electrode was placed on the back and connected to a radiofrequency ablation device (IBI; St. Jude Medical, Inc., St. Paul, MN, USA). The temperature was controlled at approximately 55 ° C, and the energy was set at 80 W. The right femoral artery area was conventionally disinfected, and guided renal artery angiography was performed to detect renal artery stenosis. Renal artery angiography was performed again at 1, 3, and 6 months.
Measurements of Body Weight, BP, and Heart Rate
The body weight of each canine (with an empty stomach) was determined in the morning by using the electronic weighting scales. Systolic BP, diastolic BP, mean BP, and heart rate (HR) were measured using the tail-cuff method using a noninvasive animal BP instrument (BP-10E; Beijing Softrong Biotechnology Co., Beijing, China). Plasma concentration and norepinephrine (NE) levels in renal tissues were measured by using high-performance liquid chromatography with electrochemical detection (HTEC-500; Eicom Corporation, Tokyo, Japan).
Blood and Tissue Biochemistry Test
After an overnight fast, the canines were placed in the holder. Blood sample was collected as previously described [17] : they were collected from the small saphenous vein in the lateral hind legs at baseline, before surgery, and 1, 3, and 6 months after surgery. Blood and tissue AngII levels were measured using a radioimmunoassay kit (I 125 AngiotensinII radioimmunoassay assay; Chemclin Biotech Co., Ltd., Beijing, China) according to the manufacturer's manual. Blood and tissue NE levels were determined and quantified by highperformance liquid chromatography, as described previously [18] .
Urine Biochemistry Test
At baseline, before surgery, and 1, 3, and 6 months after surgery, urine samples were collected by vesicopuncture and used to determine the urine albumin levels.
Western Blot and Immunohistochemistry Detection of TGF-β1, α-SMA, CTGF, and E-Cadherin Expression
TGF-β1, α-SMA, E-cadherin, and CTGF protein expressions in kidney tissue were measured by Western blot at 6 months after surgery. The membranes were probed with rabbit antibodies against TGF-β1 (1: 500 dilution; Cat. No. sc-146; Santa Cruz, Biotechnology, Dallas, TX, USA), α-SMA (1: 300 dilution; Cat. No. ab5697; Abcam, Cambridge, UK), E-cadherin protein (1: 400 dilution; Cat. No. orb11101; biorbyt, San Francisco, CA, USA), and CTGF (1: 800 dilution; Cat. No. ab125943; Abcam). All blots were developed using enhanced chemiluminescence (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). Autoradiographic films were scanned using densitometry and quantified using Image Quant 3.3 software.
Expressions of TGF-β1, α-SMA, and E-cadherin protein in the kidney tissue were detected using rabbit antibodies against TGF-β1 (1: 200 dilution; Cat. No. sc-146; Santa Cruz Biotechnology), α-SMA (1: 200 dilution; Cat. No. ab5697; Abcam), and E-cadherin protein (1: 300 dilution; Cat. No. orb11101; biorbyt). Formalin-fixed paraffin-embedded tissue sections were deparaffinized with xylene. Deparaffinized sections were incubated with the primary antibody overnight at 4 ° C and then with a biotinated goat anti-rabbit IgG antibody. Immunoreactivity was visualized with an avidin-biotin-peroxidase kit from Vector Laboratories.
For quantification of TGF-β1, α-SMA and E-cadherin, images morphometry of TGF-β1, α-SMA and E-cadherin were analyzed using Image pro-Plus6.0 (Media Cybernetics, Inc., Rockville, MD, USA) under 200× magnification. Three sections were chosen from each canine and 10 consecutive fields of renal cortex were randomly chosen from each section. Positive stained areas (brown or yellow) were measured in each field. The mean value was used for the analysis. 
Histological and Electron Microscopic Analysis
Left and right sections of the renal cortex were dissected from the kidney and immediately stored at -80 ° C. Hematoxylin and eosin staining and Masson's trichrome staining and electron microscopic examination of the kidney tissue (electron microscopy laboratory of the Pathology Department of Xiangya Hospital, Central South University) were performed to identify increased concentrations of interstitial fibrosis. For quantification of collagen, image morphometry of Masson's trichrome was measured by using Image pro-Plus6.0 (Media Cybernetics, Inc., Rockville, MD, USA) under 200× magnification. Three sections were chosen from each canine and 10 consecutive fields of renal cortex (avoiding large vessels and glomeruli) were randomly chosen from each section. Blue-stained interstitial fibrotic areas were measured in each field. The mean value was used for the analysis.
Statistical Analyses
Data were analyzed using SPSS 21.0 (SPSS; IBM, Armonk, NY, USA). Continuous variables are presented as mean ± SD. A 2-sample independent Student t test was used to compare means between 2 groups, and an analysis of variance involving the Newman-Keuls tests was used to compare the means of continuous variables among multiple groups. In the case of a significant difference, a further analysis was undertaken with a Tukey-Kramer test. In all cases, p < 0.05 was considered to be significant. All figures were created with GraphPad Prism version 5 (GraphPad, San Diego, CA, USA).
Results
Analyses of the General Parameters
As shown in Table 1 , there were no significant differences at baseline in body weight, BP, and HR among the 3 groups at baseline. However, after 3 months of a high-fat diet, body weight and BP were significantly higher than the baseline values in the hypertension group and the control groups (p < 0.05). However, after 3 months of the high-fat diet, no significant differences were found for these parameters between the sham-surgery group and the RDN group. The parameters of systolic BP, diastolic BP, and mean BP were significantly decreased at 1, 3, and 6 months compared to the values before surgery (all p < 0.05).
Plasma Concentrations and Renal Tissue Levels of NE and AngII
As shown in Table 2 , compared with the baseline values, plasma levels of NE and AngII were markedly increased in the RDN and sham-surgery groups 3 months after being fed a high-fat diet (all p < 0.05). The plasma NE and AngII levels of the RDN group were significantly decreased compared to the levels of the sham-surgery group (all p < 0.05) and the presurgery plasma NE and AngII levels (all p < 0.05) 6 months after surgery. As shown in Table 3 , at 6 months after surgery, the renal tissue NE and AngII levels of the sham-group were significantly increased compared to the levels of the control group (all p < 0.05); however, the NE and AngII levels of the RDN group were significantly decreased when compared with the levels of the sham-surgery group (all p < 0.05).
Urine Albumin Levels before and after Surgery
As shown in Table 4 , compared with the baseline values, the urine albumin levels were markedly increased 3 months after the high-fat diet in the RDN and sham-surgery groups (all p < 0.05). Compared to the levels of the sham-surgery group, the urine albumin levels of the RDN group were significantly decreased at 3 and 6 months after surgery (all p < 0.05).
Expressions of TGF-β1, α-SMA, E-Cadherin, and CTGF Protein in the Kidney Tissue 6 Months after Surgery
Expression of TGF-β1 Protein Western blotting test results showed that at 6 months post-surgery, differences in the expression of TGF-β1 protein existed among the 3 groups (Fig. 1A, B ; online suppl. Table 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000500918). The RDN and the sham-surgery groups showed a higher expression of TGF-β1 than that in the control group; however, the sham-surgery group exhibited the highest expression. Immunohistochemical results (Fig. 1C) indicated that the immunoreactive products of TGF-β1 (brown and yellow) were mainly localized in the cytoplasm and membrane of renal tubular epithelial cells. Both the RDN and sham-surgery groups had exhibited positive expression, and the sham-surgery group exhibited the strongest expression, and the positive surface density was higher than in the RDN group (Fig. 1D) .
Expression of α-SMA Protein As shown in Figure 2A , B and online supplementary Table 1 , western blot test results showed that 6 months post-surgery, differences in the expression of α-SMA protein existed among the 3 groups. The RDN and the sham-surgery groups showed a higher expression of α-SMA than that in the control group; however, the sham-surgery group exhibited the highest expression. Immunohistochemical results (Fig. 2C) indicated that the positive α-SMA expression was mainly localized in the cytoplasm and membranes of renal tubular epithelial cells. Compared with the control group, both the RDN and the sham-surgery groups exhibited positive expressions, and the sham-surgery group had the strongest expression, and the positive surface density was higher than in the RDN group (Fig. 2D) .
Expression of E-Cadherin Protein
As shown in Figure 3A , B and online supplementary Table 1, after RDN, there were differences in the expression of E-cadherin protein between the control group, RDN group, and the sham-surgery group. The control group showed a higher expression of E-cadherin than that in the RDN and the sham-surgery groups. Immunohistochemical results (Fig. 3C) showed that E-cadherin immunoreactive products were mainly localized in the renal tubular epithelial cell membrane. Compared to the sham-surgery group, both the RDN group and the control group exhibited a positive expression. The control group exhibited the strongest expression. The positive surface density of the control group was higher than that of the RDN group and the sham-surgery group, and the RDN group showed a higher expression of E-cadherin than that in the shamsurgery group (Fig. 3D) .
Expression of CTGF Protein
Western blot test results showed that at 6 months post-surgery, there were differences in the expression of CTGF protein among the 3 groups (Fig. 4A, B ; online suppl. Table 1 ). The RDN and the sham-surgery groups showed a higher expression of CTGF than that in the control group, and the sham-surgery group exhibited the highest expression.
Histological and Electron Microscopic Analysis
Hematoxylin and eosin staining of renal tissue (Fig. 5A) showed that the renal tubules were swollen; it also showed interstitial edema and cell infiltration in sham-surgery group and RDN group. However, renal tubules were fused and necrotic in the sham-surgery group. The renal tubules in the control group showed no abnormalities. Masson staining (Fig. 5B) showed obvious collagen deposits in the renal interstitium of the sham-surgery group and RDN group. However, interstitial collagen content was most increased in the sham-surgery group (Fig. 5C) .
Electron microscopic examination (Fig. 6) showed that the striated margins of renal tubular epithelial cells in the control group (Fig. 6A ) were clear; in addition, edema and fibrous tissue hyperplasia were not found in the interstitium. In the RDN group, the striated margins of renal tubular epithelial cells disappeared, and some mitochondria vacuolated with focal cell infiltration (Fig. 6B ). In the sham-surgery group, the epithelial cells of the renal tubules were congested and swollen, the striated margins of the cells disappeared, some epithelial cells atrophied and became necrotic, the mitochondria swelled and vacuolated in the cytoplasm, and the nuclear chromatin exhibited granules of various sizes (Fig. 6C) . 
Discussion
The present findings are in line with those of previous clinical studies that indicate the efficacy for RDN in resistant hypertension [19, 20] . Our study showed that (1) RDN causes sustained reductions in BP in hypertension canines and (2) RDN can halt the progression of renal impairment induced by obesity and hypertension. These findings suggest that RDN can not only decrease the BP but also slowdown the progression of renal impairment and renal structural changes.
Both obesity and hypertension can cause renal disease through mechanisms such as inflammation and over activation of SNS and RAAS [3, 4, 21] . Previous studies [1, 22] found that obese subjects have increased SNS activity as assessed by plasma NE and tissue NE spillover; these results were consistent with ours. RAAS is a well-known regulator of BP that contributes to the onset and progression of chronic renal damage [23, 24] . RAAS activity mutually influences the secretion of neurohumoral factors, such as AngII and renin. In our study, we found that RDN suppressed the levels of circulating AngII and inhibited renal remodeling in a canine model of high-fat diet-induced hypertension. These effects might be associated with decreased activity of the SNS and RAAS after RDN.
AngII is the main effector of RAAS [25] , which can directly contribute to fibrosis [23] . When AngII is activated, renal tubular epithelial cells can secrete TGF-β1, which is a strong fibrogenic factor [26, 27] . CTGF is an another important profibrotic mediator that acts as a downstream mediator of TGF-β-induced and AngII-induced production of the extracellular matrix (ECM) production. Moreover, CTGF can increase TGF-β1 responses and both factors synergize to promote persistent fibrosis [8, 9] . In vivo, blockade of CTGF synthesis or activity can reduce TGF-β-induced collagen synthesis. It has been shown [28] that the use of angiotension-converting enzyme inhibitors in experimental nephropathy models can reduce the production of TGF-β1 and delay the progression of renal interstitial fibrosis. TGF-β1-induced transdifferentiation of renal tubular epithelial cells leads to decreased expression of E-cadherin and increased expression of epidermal growth factor, resulting in the production of α-SMA [10] . Activation of α-SMA-positive myofibroblast cells is believed to be a central event that has a key role in the progression of chronic renal fibrosis. E-cadherin is an important adhesion molecule in the renal tubular epithelial cells. It is the ligament that constitutes the tight junction between renal tubular epithelial cells. When E-cadherin expression was inhibited, the tight junction between the cells disappeared, the basement membrane was disrupted, and the renal tubular epithelial cells transformed into myofibroblasts. Renal interstitial fibrosis is a common pathological feature of renal disease progression and end-stage renal insufficiency due to various causes [28] . Its outcomes include progressive and irreversible impairment of renal function. Renal interstitial fibrosis damages renal tubular epithelial cells, activates fibrogenic factors, increases ECM synthesis, and decreases its degradation, resulting in the excessive deposits of the ECM in the renal interstitium and proliferation of renal interstitial fibroblasts [29] . Studies [30, 31] have shown that renal tubular epithelial cell transdifferentiation has an important role in renal interstitial fibrosis. Epithelial cell transdifferentiation involves decreased or the disappearance of epithelial cell adhesion, expression of α-SMA, destruction of the renal tubular basement membrane, and cell migration. Renal tubular epithelial cells can be transdifferentiated into myofibroblasts via epithelial cell transdifferentiation.
Myofibroblasts enter the mesenchyme through the destroyed basement membrane and synthesize ECM in the renal interstitium, thus leading to renal interstitial fibrosis. Myofibroblasts also have the characteristics of fibroblasts and myocytes and express α-SMA. Ng et al. [32] found some renal tubular epithelial cells expressing α-SMA in renal fibrosis models established by 5/6 nephrectomy. These results confirmed that activated RAAS can promote the production of TGF-β1, induce the transdifferentiation of renal tubular epithelial cells, and ultimately promote the formation of renal interstitial fibrosis. The results of previous studies and ours suggest that blocking renal sympathetic activity could be a novel therapeutic strategy for treating high-fat diet-induced hypertension.
The renal tubular function test showed that urinary albumin in the sham-surgery group continued to increase after RDN. This increase in the RDN group was slower than that in the sham-surgery group, and there was no significant difference in the increase between the RDN group before or after RDN, suggesting that although RDN can delay the progression of tubular dysfunction, it cannot reverse the impaired tubular function.
There were no significant difference between male and female beagles on BP, the HR, NE, AngII, urine protein, and the expression of TGF-β1, α-SMA, E-cadherin and CTGF protein in our study with regard to the effect of RDN, which was in line with the previous findings [33] [34] [35] . Our study suggests that the renal nerves contribute equally to the high-fat diet-induced hypertension in male and female beagles and is independent of the influence of gender on BP and kidney interstitial fibrosis.
In our study, RDN reduced arterial pressure, reduced the deterioration of renal function, and prevented an ameliorated kidney interstitial fibrosis in a canine model of high-fat dietinduced hypertension. RDN may be a novel therapeutic approach to obesity and CKD. BP control is mandatory for slowing the progression of kidney disease. However, currently available therapeutic efforts are insufficient to halt progression of renal impairment, and alternative treatment options are warranted. Therefore, inhibition of sympathetic nerve activity may be such a potential therapeutic option.
Limitations
Sufficient attention was not given to the details of this experiment, which resulted in the accidental death of experimental animals and a smaller sample size. Because of the small sample size, the animals were not sacrificed at 1 and 3 months after RDN so that changes in the renal tissue could be observed and compared with those at 6 months after RDN. There were no data regarding 24-h urine protein before and after surgery; therefore, changes in the
